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In the quantum anomalous Hall effect, the edge states of a ferromagnetically doped topological 
insulator exhibit quantized Hall resistance and dissipationless transport at zero magnetic field. Up 
to now, however, the resistance was experimentally assessed with standard transport 
measurement techniques which are difficult to trace to the von-Klitzing constant RK with high 
precision. Here, we present a metrologically comprehensive measurement, including a full 
uncertainty budget, of the resistance quantization of V-doped (Bi,Sb)2Te3 devices without external 
magnetic field. We established as a new upper limit for a potential deviation of the quantized 
anomalous Hall resistance from RK a value of 0.26 ± 0.22 ppm, the smallest and most precise value 
reported to date. This provides another major step towards realization of the zero-field quantum 
resistance standard which in combination with Josephson effect will provide the universal 
quantum units standard in the future.  
 
Quantum standards are the backbone of the system of measurement units. Already since 1990 all 
electrical units are based on flux quantization in units of ℎ 2𝑒⁄ , realized with the Josephson effect 
[1,2], and conductance quantization in units of 𝑒2 ℎ⁄ , realized with the quantized Hall effect (QHE) 
[3,4]. With the revision of the international system of units, SI, in near future [5,6] also the 
realizations of the units of mass [7,8], the kilogram, and of temperature [9,10], the Kelvin, will utilize 
and rely on practical electric quantum standards, realizing the vision of Maxwell [11] and Planck [12] 
of a truly universal system of units. Both electrical quantum standards require temperatures of 4 K or 
lower for their operation, but since in addition the QHE only works in a magnetic field, it is practically 
impossible to combine both in one system. However, in ferromagnetic topological insulators like e.g. 
Cr- or V-doped (Bi,Sb)2Te3, the quantum anomalous Hall effect (QAHE) provides conductance 
quantization without a magnetic field [13-16], giving legitimate hope for a future quantum standard 
where all units based on ℎ and 𝑒 can be realized in one measurement setup.  
Yet, up to now the precision of the QAHE has not been tested with precision metrology methods, and 
in particular no uncertainty budgets were presented with the data published [17,18]. Indeed, the fact 
that very low measurement currents are required makes it difficult to reach uncertainties in the parts 
in 109 range as are routinely obtained in calibrations based on GaAs or graphene QHE devices. A main 
reason for the limitation of current is the robustness of the ferromagnetic state, which at this stage 
of development still requires temperatures in the mK-regime and does not tolerate current levels 
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which increase the electron temperature. In the following we present a metrologically 
comprehensive measurement, including a full uncertainty budget, of the resistance quantization of 
V-doped (Bi,Sb)2Te3 devices. The device resistance was measured in terms of the von-Klitzing 
constant derived from a GaAs/AlGaAs heterostructure, using a 100 Ω traveling reference resistor as a 
transfer device. Both the devices and the reference resistor are described under Methods. 
Results 
The measurements were made with a cryogenic current comparator (CCC) bridge very similar to the 
one which had previously been used for a precision measurement of the Hall quantization in the 
fractional QHE state [19,20,21].  In that work, the lowest current level of 80 nA had allowed a 
measurement uncertainty of 6 parts in 108. In the present work on QAHE devices we further 
decreased the current to as low as 1 nA. Still, an uncertainty of 2.2 parts in 107 was obtained, even 
with the type-B uncertainty of the reference resistor included, which had been absent in the direct 
FQHE-to-IQHE comparison. Note that in practical calibration work current levels are typically of the 
order of 40 µA. 
The CCC bridge is schematically shown in Figure 1. One arm of the bridge comprised the QAHE device 
in a dilution refrigerator (Oxford Triton), connected to a room temperature switching panel by 
carefully RF-shielded (Q-Filter) leads.  A bath temperature of 20 mK was typically used, but 
depending on current level the electron temperature of the device can be higher. The 100 Ohm 
reference resistor in the other arm was kept in a regulated thermostat chamber. It is described in 
more detail in the Methods section. At the core of a feedback loop a DC SQUID detects the flux 
balance of the coils 𝑁1 and 𝑁2, with oppositely flowing currents 𝐼1 and 𝐼2. An auxiliary winding 𝑁𝐴 is 
supplied with a well determined fraction 𝑘𝐼1 of the current for compensating the deviation from a 
perfect integer ratio and balancing the bridge. We used 𝑁1=4130, 𝑁2=16 and 𝑁𝐴=1 in our 
measurements. From the ratio of the bridge voltage Δ𝑈 to the voltage drop Δ(𝐼𝑅) across the 
resistors one obtains the unknown resistance as  
Figure 1 (a) Schematics of a CCC bridge. An unknown resistance 𝑅𝑋 is measured in terms of a reference 
resistance 𝑅𝑟𝑒𝑓 by supplying two currents 𝐼1 and 𝐼2 such that the voltages across 𝑅𝑟𝑒𝑓and 𝑅𝑋 are practically 
identical. This is achieved by a SQUID-driven feedback loop (symbolized by the dotted array) which adjusts 𝐼2 
such that the flux through the windings 𝑁1, 𝑁2, and 𝑁𝐴 sensed by the SQUID pick-up loop is zero.  A balance of 
the bridge beyond the finite ratios allowed by 𝑁1 and 𝑁2 is obtained by injecting a current 𝑘𝐼1 into an auxiliary 
winding 𝑁𝐴. (b) The Allan deviation of the bridge unbalance voltages of a 5-hour measurement at ±5 nA current 
follow, within their 95% error bars, a 𝑡−1 2⁄  law (red line). Already after 15 minutes an uncertainty of 0.5 nV 
(corresponding to 50 mΩ) is reached. Most of the data in Figure 2 below are based on 15-minute runs, but for 
the ±5 nA and ±10 nA data several such runs were averaged. 
a) b) 
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𝑅𝑋 = 𝑅𝑟𝑒𝑓
𝑁1 + 𝑘𝑁𝐴
𝑁2
(1 +
Δ𝑈
Δ(𝐼𝑅)
)𝐾𝑖𝑠𝑜 
The factor 𝐾𝑖𝑠𝑜 describes the influence of imperfect isolation between connecting leads, or between 
the control gate and the QAHE device. A deviation from 𝐾𝑖𝑠𝑜 = 1 is normally accounted for as a type-
B uncertainty contribution derived by determining lower bounds of the relevant isolation resistance. 
The influence of thermal voltages and their drifts, as well as possible leakage currents to an 
imperfectly isolated gate, is practically eliminated by the current reversals, which had typical reversal 
periods of ten seconds, corresponding to an effective measurement frequency of 0.05 hertz. Possible 
transient artefacts due to current reversals were avoided by discarding the first half of the data 
points of each reversal half-cycle.  
Table I Measurement uncertainty budget listing the relevant uncertainties for a measurement of the quantized 
anomalous Hall resistance for the case of a current level of ±5 nanoampere. For the individual contributions 𝑥𝑖  
typical standard errors 𝑠(𝑥𝑖) and their probability distribution functions (PDF) are given, together with the 
sensitivity coefficients 𝑐(𝑥𝑖) = 𝜕𝑅𝑋 𝜕𝑥𝑖⁄ , the uncertainties 𝑢𝑖 = 𝑢(𝑥𝑖) ∙ 𝑐(𝑥𝑖), and 𝑢𝑖
2. The relative measurement 
uncertainty for this specific measurement is obtained as 0.35 ppm. 
 
The measurement uncertainty budget based on the bridge equation is dominated by the 
uncertainties of the reference resistor, of the isolation resistance described by the factor 𝐾𝑖𝑠𝑜, and of 
the uncertainty of the bridge voltage difference Δ𝑈. The latter contributes to the budget with a 
sensitivity coefficient ∂𝑅𝑋 𝜕Δ𝑈⁄ ∝ 1 Δ(𝐼𝑅)⁄ . Due to the 𝐼
−1 proportionality and the very low current 
levels of this experiment all other contributions specific to the bridge hardware (i.e. the winding ratio 
(𝑁1 + 𝑘𝑁𝐴) 𝑁2⁄ ) contribute roughly three orders of magnitude less than Δ𝑈 and are therefore not 
listed in Table I. The Δ𝑈-uncertainty itself comprises contributions from detector noise, SQUID noise, 
thermal noise of the resistors and contacts, and potentially from noise pick-up of the cabling, all of 
which have a normal probability distribution function (PDF) and can be determined from the Allan 
deviation of the measured signal time traces (Figure 1 b) gives an example). The averaged value from 
several 15-minute measurements at 5 nanoampere is given as the standard deviation in line 1 of the 
uncertainty budget in Table I. The type-B uncertainty contribution due to the SQUID non-linearity, 
described in detail in [22], also contributes to the uncertainty of Δ𝑈, but with a rectangular PDF. It is 
listed separately in line 2. The last two lines give the type-B uncertainties of 𝐾𝑖𝑠𝑜 and 𝑅𝑟𝑒𝑓, both also 
having a rectangular PDF. 
In this table 𝐾𝑖𝑠𝑜 was estimated by determining the resistance of one lead in the cryostat against all 
others to be 𝑅𝑖𝑠𝑜 = (300 ± 50) GΩ. From the high potential lead to the Hall bar, a fraction of 
(25.8kΩ/300GΩ = 0.09 ppm) of the current can bypass the Hall bar, leading to an apparent 
underestimate of the measured resistance by the same fraction. In our final result which we give 
below we will correct the measured resistance by 0.09 ppm, but still keep the full uncertainty of 𝐾𝑖𝑠𝑜 
𝒙𝒊 𝒔(𝒙𝒊) PDF 𝒖(𝒙𝒊) 𝒄(𝒙𝒊) 𝒖𝒊 𝒖𝒊
𝟐 
ΔU (type-A)  7.40· 10-11 V  normal 𝑠(𝑥𝑖)  1.000· 10
8 A-1  7.40 mΩ 54.8 (mΩ)² 
ΔU (SQUID)  6.62· 10-11 V  rectangular 𝑠(𝑥𝑖) √3⁄   1.000· 10
8 A-1  3.82 mΩ 14.6 (mΩ)² 
𝐾𝑖𝑠𝑜  0.09· 10
-6 rectangular 𝑠(𝑥𝑖) √3⁄   2.581· 10
4 Ω 1.28 mΩ 1.64 (mΩ)² 
𝑅𝑟𝑒𝑓  2.00· 10
-5 Ω  rectangular 𝑠(𝑥𝑖) √3⁄   2.581· 10
2  2.98 mΩ 8.88 (mΩ)² 
√∑ 𝑢𝑖
2
𝒊  8.94 mΩ 
relative measurement uncertainty: 8.94 mΩ/25.812 kΩ =   0.35 ppm 
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in the budget. For 𝑅𝑟𝑒𝑓 a relative uncertainty of 0.2 ppm (corresponding to 20 µΩ) was used, which is 
a very conservative estimate, considering the excellent stability of the temporal drift of that resistor 
during the weeks before and after the measurements done in Würzburg. This drift is shown in 
Figure 6 in section Methods. 
All precision measurements were performed with the larger of the two Hall bars described in section 
Methods, where also the selection of the gate voltage is described. The result of these 
measurements is shown in Figure 2. It summarizes measurements of 𝑅𝑥𝑦 at zero magnetic field taken 
with currents of 1, 2, 5, 10, 20 and 50 nA, using the 100 Ω resistor as the reference. At 5 and 10 nA 
each, several measurements were made (more at 5 nA than at 10 nA) and their weighted average is 
plotted. At all other currents only one measurement was made. The 5 and 10 nA data comprise data 
from both orthogonal contact pairs (2,4) and (1,3) in Figure 4, while the other data stem from contact 
pair (2,4). Note that one reading, marked in green color, was taken at a field of 2 T and deviates 
significantly from the other data, which were taken after ramping the field to zero and waiting for 
more than 2 hours to achieve stable readings. 
To the data in Figure 2 we fitted a power law of the form 𝑎 + 𝑏(𝐼/nA)𝑐 which had successfully been 
used in extrapolating the Hall resistance of a GaAs-based QHE device in the fractional QH state at 
filling factor 1/3 recently [19] and which also has been observed for an integer QHE device [23]. 
Interestingly, in all cases an exponent of 3 is observed in this power law, for the cited IQHE and FQHE 
measurements as well as for the QAHE result obtained here. While one might naively expect that a 
deviation from exact quantization with increasing current should in first order be proportional to 𝐼2 
due to the dissipated power, one should also keep in mind that an increasing Hall electric field, 
proportional to 𝐼, can induce scattering leading to breakdown of quantization. Although this 
reasoning is far from a theoretical modeling, it might explain the observed exponent of 3. The fact 
Figure 2 Measurement of the Hall resistance of the larger of the two Hall bars against a 100 Ω transfer standard 
in dependence on current. The device was at a temperature of 20 mK at zero magnetic field. The dashed blue 
curve represents a power law fit of the form 𝑎 + 𝑏(𝐼/nA)𝑐   with 𝑎 = (0.35 ± 0.10) ppm and 𝑐 = 3.02 ± 0.20. 
The value of 4.5 ppm at 5 nA current highlighted by a green circle was measured with a magnetic field B of 2 T, 
before the field was ramped to zero where all other measurements were taken. The development of 𝑅𝑥𝑦 
during and after the field ramping is shown in the inset, where the blue bar at the top indicates the period over 
which B was changed. 
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that the QAHE is in this respect very similar to both integer and fractional QHE regimes indicates that 
the mechanisms for the onset of breakdown are probably similar, despite the different physics of 
these cases. 
The central result from Figure 2 is, however, the value 𝑎 = (0.35 ± 0.10) ppm for the extrapolated-
to-zero Hall resistance. As mentioned above, we correct this value by the influence of the imperfect 
lead isolation of 0.09 ppm. We also must add to the uncertainty of 0.1 ppm (which reflects only the 
type-A uncertainties of the measurement) the uncertainty contributions from lines 2 to 4 of Table I. 
Doing so we obtain a value of  
1 −
𝑅𝑥𝑦
𝑅𝐾
= (0.26 ± 0.22) ∙ 10−6 
At currents of 5 and 10 nA also measurements of the longitudinal resistance  𝑅𝑥𝑥 were made. We 
used the difference of bridge readings obtained from an orthogonal contact pair (e.g. (2,4)) and a 
diagonal pair (e.g. (1,4)) as a value for 𝑅𝑥𝑥. This method provides more reliable results than a direct 
reading of the longitudinal voltage with the bridge detector, since it does not suffer from the finite 
input resistance of that instrument. Figure 3 shows results from a total of 14 measurements taken 
over 8 hours, using different potential contact pairs. The colored bars indicate the average and 
standard deviation of respective groups of contacts, with a blue rectangle for the orthogonal 
contacts and orange and green rectangles for the diagonal configurations. From the figure, we can 
read a longitudinal resistance of 5.5 ppm of 𝑅K, equivalent to 142 mΩ, or 47 mΩ□. We do, however, 
not find a difference between the 5 nA and 10 nA measurements in this initial assessment.  
 
Conclusion 
In conclusion, we have performed a metrologically sound precision measurement of the quantized 
anomalous Hall resistance of the Vanadium doped topological insulator (Bi,Sb)2Te3. Despite the low 
measurement currents below 10 nA excellent agreement with the von-Klitzing-constant 𝑅K was 
found. Since the development of this class of materials is just at the beginning, it can be expected 
Figure 3 Series of measurements of 1 − 𝑅𝑥𝑦 𝑅K⁄ . Measurement currents of 5 nA and 10 nA were used in 
orthogonal (contact pair [1,3] or [2,4] in Figure 4) and diagonal (contact pair [1,4] or [2,3]) contact configurations. 
The colored rectangles represent the (weighted) average and standard deviation of the orthogonal and diagonal 
groups of data points.  
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that better ferromagnetic TI material quality with higher Curie temperatures will become available, 
leading to considerably higher operation temperature and breakdown currents which would allow 
measurement uncertainties competing with those from GaAs-based QHE devices. The distinctive 
advantage of a QAHE resistance standard, its operation without a magnetic field, would then make 
the other quantum resistance standards obsolete, which require magnetic fields for their operation. 
In addition, the zero-field operation would allow to integrate Josephson voltage and QAHE resistance 
standards in one setup, thus yielding the ultimate electrical standard which supplies voltage, 
resistance, and (by virtue of Ohm’s law) current from one reference instrument. 
 
Methods 
Sample fabrication 
The devices we used were made of 9 nm thick films of the ferromagnetic topological insulator 
V0.1(Bi0.21 Sb0.79)1.9Te3, grown by molecular beam epitaxy (MBE) on a hydrogen passivated Si(111) 
substrate and covered in-situ by a 10 nm thick Te protective cap [24]. The devices were patterned 
using standard optical lithography. To allow for top gating, dielectric layers of 20 nm AlOx and 1 nm 
HfOx were deposited by atomic layer deposition, and covered with 5 nm of Ti and 100 nm of Au. Six-
terminal Hall bar devices were patterned by Ar ion beam etching. As shown in Figure 4, a sample 
contains two Hall bars of aspect ratio 3:1, with widths of 200 µm and 10 µm, respectively. For contact 
metal deposition, the Te-cap was removed by argon ion beam etching before transferring it to the 
metallization chamber under continuous high vacuum conditions, where 50 nm AuGe, 5 nm Ti, and 
50 nm of Au was deposited. The side contacts were 20 µm wide for the bigger Hall-bar, with typical 
contact resistances of 300 Ω. The sample was glued into a chip carrier and connected using standard 
“wedge” bonding. All measurements shown in this paper were made with the bigger Hall bar shown 
in the right part of Figure 4. 
Figure 4 Micrograph of the sample used for the measurements. The left figure shows an overview with the 
two Hall bars of different size. The right figure shows an enlarged view of the bigger Hall bar with current 
contacts labelled a and b, and potential contacts labelled 1 to 4. Note that the potential contacts are much 
closer to the current contacts than in usual Hall bars employed for precision measurement. They are thus 
potentially more susceptible to current induced breakdown.  
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Gate voltage dependence 
As a first step before the actual precision measurement, and after coarse balancing of the bridge, a 
gate voltage scan was performed on both Hall bars shown in Figure 4. Under step-wise change of the 
gate voltage the bridge voltage difference revealed, as expected, a wider and more stable quantized 
resistance plateau (in dependence on gate voltage) for the larger Hall bar. All measurements shown 
in the main section were performed with this Hall bar, using a gate voltage of 5.5 V. 
 
Reference resistor 
The reference resistor used in our measurements has a nominal value of 100 Ω. During the 
measurements, it was kept in a regulated thermostat chamber at 23.1 ± 0.05 °C, corresponding to an 
uncertainty of 0.02 ppm in this control range. Its value is calibrated against the GaAs-based German 
resistance standard at PTB in regular intervals, which are plotted in Figure 6 around the time of the 
measurements performed in Würzburg. Despite the excellent stability seen from this diagram we 
assigned a relative uncertainty of 0.2 ppm to the reference standard during the 3 days measurement 
campaign in Würzburg, where no calibration against a GaAs reference was performed. 
Figure 5  Bridge voltage differences in dependence on gate voltage for the large Hall bar (upper panel) and the 
small Hall bar (lower panel). At zero magnetic field and with a measurement current of ±5 nanoampere the 
voltage difference of the coarsely balanced bridge was continuously monitored while the gate voltage was 
changed in steps of 0.5 V (upper panel) and 1 V (lower panel). Color coding identifies the readings at a given 
gate voltage. Note the different scales of the ordinates. 
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